The surface morphology optimization of ohmic contacts and the Mg out-diffusion suppression of normally off p-GaN gate high-electron-mobility transistors (HEMTs) continue to be challenges in the power electronics industry in terms of the high-frequency switching efficiency. In this study, better current density and reliable dynamic behaviors of p-GaN gate HEMTs were obtained simultaneously by adopting low-temperature microwave annealing (MWA) for the first time. Moreover, HEMTs fabricated using MWA have a higher I ON /I OFF ratio and lower gate leakage current than the HEMTs fabricated using rapid thermal annealing. Due to the local heating effect, a direct path for electron flow can be formed between the two-dimensional electron gas and the ohmic metals with low bulges surface. Moreover, the Mg out-diffusion of p-GaN gate layer was also suppressed to maintain good current density and low interface traps.
I. INTRODUCTION
GaN-based normally-off HEMT with a p-GaN gate structure was implemented to demonstrate single-chip solutions for high-efficiency and compact power conversion systems [1] , [3] . For system safety and high efficiency, high-power converters require GaN power devices with low drain lag at high voltages, high robustness, and low leakage current during the off state operation. The high Mg-doped p-type GaN layer could lift the conduction band in the channel at equilibrium due to the thin (12-14 nm) AlGaN barrier layer design, thus realizing the normally off operation. However, based on previous studies, there are two major challenges that dominate the reliability and dynamic behavior of p-GaN gate HEMTs after the high-temperature annealing process.
First, the Ga out-diffusion from a thin AlGaN barrier and the Au interdiffusion of ohmic contact metals caused electrical characteristic degradation [4] . Second, the out-diffusion of Mg into the p-GaN layers results in a low energy level (E C = −3.93 eV). This result is correlated with the Mg residual compensating impurities [5] - [6] . In this study, we overcame these drawbacks of the traditional p-GaN gate HEMT by adopting a low-temperature microwave annealing (MWA) process together with a p-GaN/AlN/AlGaN/GaN hetero-structure design. The smooth ohmic metal contacts on an AlGaN/GaN heterostructure were obtained by conducting MWA in a low-temperature (450 • C-550 • C) ohmic contact formation environment. Moreover, based on the measurement results of the secondary ion mass spectrometer (SIMS), the Mg out-diffusion into the p-GaN/AlN/Al 0.17 Ga 0.83 N/GaN heterostructure beneath the gate metal was also suppressed. Figure 1 displays the cross-sectional schematic of the normally off p-GaN/AlN/AlGaN/GaN heterostructure HEMT and its corresponding annealing temperature profile in a 2.4-kW microwave power environment. For the proposed p-GaN gate HEMT, the epitaxy wafer was grown by metalorganic chemical vapor deposition on 6-in Si (111) p-type substrates. A 300-nm-thick undoped GaN channel layer was grown on top of a 4-μm-thick unintentionally (UID) AlGaN/GaN/AlN buffer layer. A 14-nm-thick undoped composite barrier (1 nm AlN/12 nm Al 0.17 Ga 0.83 N/1 nm Al 0.3 Ga 0.7 N) layer was sandwiched between the GaN channel layer and a 60-nm p-type GaN cap layer. The Mg concentration was 3×10 19 cm −3 , and the active Mg concentration was approximately 1 × 10 18 cm −3 . This structure exhibited a sheet charge density of 7.2 × 10 12 cm −2 and a Hall mobility of 1252 cm 2 /V · s at 300 K after removing the p-GaN cap layer. For device fabrication, the active region was protected by a photoresist, and the mesa isolation region was etched to a depth of 200 nm in a reactive ion etching chamber using BCl 3 + Cl 2 mixed gas plasma. The 3-μm-long p-GaN gate island was protected by an SiO 2 passivation layer, and the nongated region was removed by N 2 O oxidation/HCl cyclic wet etching to enable a high etching depth uniformity [7] . The ohmic contacts were prepared by conducting electron beam evaporation on a multilayer Ti/Al/Ni/Au (25/120/25/150 nm) structure in the traditional lift-off process. For the HEMT fabricated using rapid thermal annealing (RTA-HEMT), the sample was annealed at 875 • C for 35 s under nitrogen-rich ambient conditions. For the HEMT fabricated using MWA (MWA-HEMT), the sample was annealed at an RF power of 2.4 kW at a frequency of 6 GHz for 300 s under N 2 atmosphere. The temperature profile of the MWA process was increased to the temperature range of 450 • C-550 • C after switching on the 2.4-kW RF power, and the duration of the process was approximately 150 s. The 2-μm-long gate electrode was formed by e-beam evaporation and lift-off of the Ni/Au metal stack. The fabricated devices have a gate width of 50 μm, a gate length of 3 μm, a source-gate distance of 2 μm, and a gate-drain distance of 7 μm. In general, the p-type doped GaN layer should have a flat and uniform Mg profile with a relatively high Mg concentration to obtain a uniform threshold voltage (V TH ) across the 6-in wafer. However, during the ohmic metal annealing process, Mg diffuses out into the AlGaN barrier layer and GaN channel. The Mg concentration as a function of depth beneath the gate metal of the HEMT without annealing, the MWA-HEMT, and the RTA-HEMT are shown in Fig. 2 , as measured by SIMS. Obviously, Fig. 2 suggests that the Mg atoms diffused into the thin AlGaN barrier layer and GaN channel after the RTA process, which worsened the carrier density of the two-dimensional gas (2-DEG) for the RTA p-GaN HEMT. In other words, the Mg out-diffusion effect of the p-GaN gate HEMT under ohmic annealing was suppressed by the low-temperature MWA process. causes an extraction of N atoms from the AlGaN and GaN layers and generates N-vacancies that act as n-type dopants and create a highly doped layer underneath the metallization. Nevertheless, based on the EDS line scan results of the RTA-HEMT, a small quantity of oxygen atoms were driven into the ohmic metal surface to react with Al, thus forming the AlO x compounds at 875 • C. Moreover, the traditional aggregation of Ni-Al for ohmic contact alloys was also observed, and the balling-up of ohmic contacts in the RTA-HEMT was primarily due to the Ni-Al intermetallic compounds and AlO x on the surface. By contrast, the Ti and Al atom distributions are still uniform and flat for ohmic metals of the MWA-HEMT. This behavior is beneficial for improving the ohmic contact resistivity, surface roughness, and potential reliability [9] .
II. DEVICE STRUCTURE AND FABRICATION
In the RTA process, thermal energy is generated using halogen lamps, and the hottest region is near the lamps due to the temperature gratitude. Nitrogen and extremely small amounts of oxygen absorb a substantial proportion of the thermal energy in the chamber. In the MWA process, the semiconductor heats up, and the materials are caused to conduct by generating a rapidly changing electromagnetic field that can induce electric current and then cause resistive heating. In another words, the local heating effect occurs on the surface of the epiwafer instead of the environment balanced heating effect. Most of the electromagnetic energy is absorbed by metal pads and semiconductors and converted to electrodynamic energy. Once the microwave is switched-off, the heat on the surface of the metals and semiconductors can be dissipated rapidly to avoid Al oxidation and Ni-Al intermetallic compounds. The contact resistance values of the RTA-HEMT and MWA-HEMT were 1.15 × 10 −6 and 1.01 × 10 −6 ·cm 2 , respectively. The corresponding channel sheet resistance values were 536 and 452 / , respectively, which were measured using a TLM test structure after annealing.
III. DEVICE PERFORMANCE AND DISCUSSION
To investigate the improvement in the electrical characteristics of the low-temperature microwave annealing process, V GS -I GS characteristic and the three-terminal off-state breakdown voltage (V BR ) curves of both HEMTs were obtained. When these two devices are switched-off, the drain leakage current is almost identical to the gate leakage current, thus indicating that the off-state drain current is mainly attributed to gate leakage. The inset figure in Fig. 4 depicts that the gate leakage current of the MWA-HEMT was around two orders of magnitude lower than that of the RTA-HEMT. The suspected cause of this result is that the MWA process can efficiently suppress the Mg out-diffusion-induced leakage current [5] . A lower gate leakage current of the MWA-HEMT leads to a higher V ON . The high V ON is beneficial for improving the gate voltage swing range and driver voltage dynamic range. The measured off-state breakdown voltage (V GS = 0 V) of the RTA-HEMT was 423 V, and this value was further increased to 550 V by adopting the MWA process. The I Dmax value of the MWA-HEMT was 25% higher than that of the RTA-HEMT because the Mg out-diffusion was suppressed so that the 2-DEG carrier density was maintained. Thus, the static R on value of the MWA-HEMT was improved to 10.2 ·mm which corresponds to a specific on-resistance (R on · A) of 1.32 m · cm 2 at a V GS value of 8 V. These values of the RTA-HEMT were 14.6 ·mm and 1.9 m · cm 2 , respectively. For the MWA-HEMT, the reduction in the off-state I DS leakage current increased the magnitude of the on/off drain current ratio by approximately two orders of magnitude. The subthreshold swing slope (SS) of the MWA-HEMT was improved from 98 to 85 mV/dec compared with that of the RTA-HEMT. To further study the Mg out-diffusion-induced traps in the channel layer for both HEMTs, low-frequency noise (LFN) spectra with various gate overdrive bias voltages (V GS -V TH ) were measured, as presented in Fig. 6 . The on-wafer 1/f noise in the 10-10 kHz frequency range was measured using a noise analyzer (Agilent 35670A) and 1/f noise measurement system software. Obviously, the noise spectra are lower in MWA-HEMT at the V GS -V TH of 0.5∼2 V range. The slopes of the S ID /I 2 D versus V GS -V TH were also calculated for both devices and these values were −1.4 and −1.3 for the MWA and RTA devices, respectively. If the slope is close to −1, then the spectral fluctuation is dominated by the mobility fluctuation model, but if it approaches −2, it is dominated by fluctuation in the carrier numbers [10] . A value between −1 and −2 indicates that the noise is attributable to the correlation between the number of carriers and mobility fluctuation. Therefore, the mobility fluctuation associated with Mg outdiffusion-induced traps dominates the low frequency noise in this case. The results also showed the highly agreement to the device R on and sheet resistivity. In addition, if the mobility fluctuation model was verified in device low frequency noise phenomenon, then the so-called Hooge parameter can be extracted as an intuitive index.
Here, α H can provide a measure of the total number of active traps, which cause noise; can be used as a rough figure of merit to characterize these devices; and can be expressed by the following equation [10] - [13] :
where f is the frequency, C i is the unit capacitance of the gate insulator, q is the elementary electron charge. Table 1 summarizes Hooge's constant with various gate voltage overdrives for both devices. The α H value of the MWA-HEMT was on the order of 10 −4 and of the RTA-HEMT was on the order of 10 −3 . The evidence clearly suggests the suppression of the Mg out-diffusion-induced trap centers occur at the AlN/AlGaN/GaN interface in the MWA-HEMT. Figure 7 displays the pulsed I-V characteristics of both devices that were switched on from the off state with a V GSQ of 0 V, the V DSQ value ranging from 0 to 200 V, a voltage step of 50 V at room temperature, and an on-state gate bias of 6 V [11] . The device was switched on with a pulse width of 1 μs and a pulse period of 10 μs. Clearly, the degradation in I DS was improved by approximately 7% in the MWA-HEMT at a V DS of 10 V. This implied that the channel trap density of the MWA-HEMT was lower than that of the RTA-HEMT. In other words, reducing the Mg concentration up to an Mg level at which the 2-DEG carrier density is no longer strongly influenced by Mg out-diffusion results in a significant reduction in dynamic R ON . In the case of low Mg concentration, the dynamic behavior is no longer dominated by the Mg out-diffusion consequences, which is the bottleneck of normally off p-GaN HEMTs.
IV. CONCLUSION
The MWA method was adopted to form ohmic contacts of a p-GaN gate HEMT. The use of the low-temperature MWA technique resulted in comparatively superior electrical characteristics and a much smoother surface of the MWA-HEMTs than those of RTA-HEMTs. The MWA-HEMT exhibited a leakage current of as low as 10 −8 mA/mm, which was approximately two orders of magnitude lower than the current exhibited by the RTA-HEMT. An extremely high on/off drain current ratio of up to 1.25 × 10 10 was obtained. Moreover, the SIMS analysis indicated that Mg out-diffusion in the conventional RTA method degraded the dynamic behavior of the device. The low-temperature MWA process can suppress Mg out-diffusion beneath the gate and minimize ohmic contact bulges caused by AlOx and Ni-Al intermetallic compounds. The experimental results imply that the MWA technique is a promising method for fabricating high-performance normally off p-GaN HEMTs.
